Introduction
The giant antlers of elk, the major chela of the fiddler crab and the horns of the rhinoceros beetle are some of the most iconic traits in the animal kingdom and the result of sexual selection [1, 2] . While these weapons are highly variable across species, they also show surprising variation within species [3, 4] . The withinspecies variation often reflects their heightened sensitivity to condition [5, 6] . In many cases, the variation in weapon and ornament size may serve as an honest indicator of differences between individuals in quality [7, 8] , and therefore it may be of ample importance in male-male contests and mate choice.
The heightened condition-dependence in ornaments and weapons is likely to be an evolutionary consequence of a history of directional sexual selection [6] [7] [8] . Heightened condition-dependence can be thought of as a type of developmental plasticity, in which trait expression becomes disproportionately linked to the amount of nutritional/metabolic resources available to an individual, when compared with other traits [5, 7, 9] . In other words, all morphological traits exhibit some level of condition-dependence, but exaggerated sexual traits are expected to be more sensitive due to their disproportionate size and cost. Experimental studies of condition-dependence have illustrated that sexually selected traits are often greatly reduced in individuals experiencing poor diets or other stressors [5, 6, 8, [10] [11] [12] [13] [14] , and suggest intriguing consequences for wild populations in this time of massive environmental change. Introduced and invasive plants are now a common sight globally, and in many cases, herbivorous insects feed upon these new resources. Yet virtually no research has explicitly addressed the impact of shifts in diet on the expression of sexually selected traits [15] , especially & 2017 The Author(s) Published by the Royal Society. All rights reserved.
relative to other traits and homologous traits in the opposite sex [16] . The impacts of these host shifts on morphology may reduce individual fitness and alter population persistence [17, 18] .
Here, we simulated a natural host plant shift to examine the response in a sexually selected weapon, the homologous traits in females and other morphological characteristics for comparison using the leaf-footed cactus bug, Narnia femorata. Males of this species are slightly smaller than females in body size [14, 19] , but possess enlarged hind legs (sexually selected traits) used in male-male contests [20, 21] . Previous work has demonstrated that seasonal changes in nutrition have striking effects on weapon size, body shape [19] , internal anatomy [22] and sexual dimorphism in this species [14] . These results suggest that these traits may be highly susceptible to dietary stress that comes from a novel host. Based on these patterns, we predicted that male insects would not only develop as small adults on the novel host, but they would also bear disproportionately smaller sexually selected traits when compared with female homologous traits and non-sexual traits. We further predicted that novel host use would affect the overall body shape of both sexes, as has been previously found in other insects raised on artificial diets [6, 23] . We present evidence that a shift onto a novel host plant can lead to a reduction in the size of a sexually selected weapon, so that the sexual dimorphism in this trait is lost.
Material and methods (a) Study organism and hosts
The cactus-feeding leaf-footed bug N. femorata Stål (Hemiptera: Coreidae) is native to the US southwest through Mexico; it has known association with at least four genera and 13 species of cacti [24] . It has established a population in central Florida, where it primarily feeds on the native prickly pear Opuntia mesacantha [25] . Females lay clutches of eggs on cactus spines, and offspring can develop to sexual maturity on one plant. Males establish territories on cacti and defend their territories against other conspecifics using their hind legs (weapons). Larger males are more likely to be dominant over smaller ones when defending their territories [20, 21] . Developmental environment is important for the expression of body size [19] , weapon size [14, 26] and the degree of sexual dimorphism in these traits [14] . Males that develop without ripe cactus fruit become smaller adults with disproportionately reduced hind femurs [14, 26] .
We used the Mexican endemic O. robusta to test the effects of a novel host on N. femorata sexually selected traits. This cactus species is widely cultivated in North America and invasive in Australia, yet N. femorata has no known history of feeding on this plant [27] . The novel host fruit appears to impose a bigger physical barrier for the cactus bugs as its pulp and seeds are deeper into the fruit (electronic supplementary material, figure S1 ). To examine these structural differences between the fruits, we measured the thickness of the walls by cutting the fruits longitudinally and recording the distance between the outside surface and the pulp (electronic supplementary material, figure S1 ). We measured 20 local fruits and 10 novel fruits haphazardly chosen from our experiment stock. 
(b) Rearing and experimental design

(c) Bug measurements
We froze mature adults, and then we separated hind and front legs from the body to facilitate the measuring procedure. We used a digital camera (Canon EOS 50D) attached to a dissecting microscope (Leica M165 C) to photograph all the extremities and body. The software IMAGEJ [28] was used for the linear measurements of the following (measurements of left and right were averaged where applicable): beak length, head length, pronotum width (PW), front femur length (FFL), hind femur length and hind femur width. The term 'beak' can be employed for the straw-like mouthparts of hemipterans [29] . We measured the area of the hind tibia and femur. These traits were chosen to obtain data on metric (body size), feeding (mouthparts) and sexually selected traits. We used PW as a proxy for body size because in this species it is highly correlated with overall body size (electronic supplementary material, table S1) [19, 20] . Hind femur width (r ¼ 0.94) and hind femur length (r ¼ 0.946) are used in figure 1e to illustrate the high degree of correlation with hind femur area (HFA), and to further demonstrate the sex-specific pattern of condition-dependence. Neither measurement was used in statistical analysis because HFA includes these measurements.
(d) Statistical analysis
All analyses were conducted with IBM SPSS v. 22. We used a factorial analysis of variance (ANOVA) to test for host plant and sex effects and their interactions on all the morphological traits. For statistical analyses we considered each individual insect independent, as the within-cup (including same fruit) variation in individual size is large [30] and therefore of biological importance. We also conducted separate analyses using cup (family group) means to account for the possible non-independence of insects from the same cup and obtained qualitatively similar results. We tested for host effects on scaling relationships using analyses of covariance (ANCOVA) independently for each of the traits FFL, hind tibia area and HFA, with PW as the covariate, separately for each sex. This test allows detecting differences between treatments in slopes (b) and elevations (intercept) of the linear regressions accounting for body size (PW). We used loglog ordinary least squares (OLS) regression method to compare slopes (b) as this method facilitates statistical testing of the relationship between X and Y [31] (see also further arguments for the use of this method [32] [33] [34] [35] [36] ).
To further evaluate changes in shape due to the novel host, we used principal component analysis (PCA). Measurements of beak and head length were used in building the PCA to provide more precision in estimating size and shape of individuals; these measurements were not analysed elsewhere. The six measured traits are correlated (see electronic supplementary material, table S1); therefore, it is useful to extract new uncorrelated variables. We ran a single PCA so that we could make comparisons across the sexes and treatments; we used the correlations matrix and the varimax rotation to obtain our factors. We reduced our variable number (n ¼ 6) down to two. Principal component (PC) 1 and PC 2 were extracted to account for 88% of the variation in the data. We then used these components to map in two dimensions the change in overall shape caused by the novel host. The first PC factor explained 76% of the variation in the data and was mainly driven by hind leg traits (electronic supplementary material, table S2). The second PC factor explained 12% and it was driven by rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171269 beak length and body size (head length and PW). To test for sex and host effects on PC factors, we used two-way ANOVAs.
Results
The novel fruit, O. robusta, has thicker walls (mean ¼ 6.30 mm, s.e. ¼ 0.48; electronic supplementary material, figure S1) figure S2 ). We found drastic and somewhat unexpected changes in the morphology of N. femorata when we simulated a natural host plant shift. Most surprisingly, absolute (mean size) male-biased sexual dimorphism of hind femurs was lost on the novel diet (table 1, figure 1d) . In other words, on the natural diet, males typically have larger hind legs than females, but on the novel diet weapon dimorphism disappeared. In general, the negative effect of the novel host on male trait size was greater than the effect on female size, both in absolute trait values and also relative to overall body size (figure 1). Male mean overall size (PW) was reduced by 13.7% on the novel host, while female size only declined by 6.8% ( figure 1a,e) . Furthermore, cactus bugs reared on the novel host developed smaller front and hind legs than those reared on the local host. But, as predicted, the magnitude of change across hosts widely varied between traits (table 1, figure 1 ). The focal traits responded to the novel host differently, from relatively insensitive (FFL) to highly sensitive (HFA) in this new environment (figure 1e). This effect was more pronounced in males than females, as indicated by significant sex Â host interactions on the morphological traits (table 1) .
The changes in body shape across diets were due to changes in the size of the sexually selected traits relative to body size (tables 2 and 3, figure 2 ). The host plant species fed upon during juvenile development affected the allometric figure 2a (ii)). Owing to this difference in slope for male FFL an analysis of changes in intercept was not appropriate for this trait (table 3, figure 2 ). Differences in allometric intercepts vary according to the placement of the intercept when trait slopes vary. Female FFL, relative to body size, was not affected by host species (table 3) . The novel host plant negatively affected the relative size of male HTA (figure 2b(ii)) and of HFA for both sexes (figure 2c). The PCA (electronic supplementary material, tables S1 and S2; figure 3), performed to evaluate the whole-body consequences of the novel host beyond the individual trait effects, supported the previously described results that the novel host diet during nymphal development had a substantial effect on the overall shape of the cactus bugs. Additionally, the PCA highlights the higher condition-dependence of male body shape. This analysis confirmed that the effect was mostly due to decreased hind leg dimorphism (male weapons; PC factor 1; figure 3a,b), but also increased sexual size dimorphism (PC factor 2; figures 1 and 3a,c).
Discussion
An increasing number of studies suggest that sexually selected traits are often highly condition-dependent [5, 6, 8, 10, 11] . Furthermore, much work has shown the generally detrimental effects of novel hosts on insects [37, 38] . This study connects those fields of research. Overall, we found that the novel host plant reduced survivorship. Those adults that survived were smaller on the novel host ( figure 1a) . The effects of the novel Figure 2 . The novel host negatively affected the scaling relationships of the three focal traits, except for female front femur length and hind tibia area. The slope of male front femur length (FFL) was significantly affected by the novel host. Trait size relative to body size (intercept) was affected by the novel host for male hind tibia area and hind femur area in both sexes. Allometry for (a) front femur length and hind leg traits, (b) hind tibia area and (c) hind femur area, for females (triangles) and males (circles) of Narnia femorata on the local host (grey regression line ¼ Opuntia mesacantha) and novel host (black/hollow regression line ¼ O. robusta). Insets show the least-square estimates (+s.e.) for each trait at the mean body size for each sex. Asterisks indicate significant differences ( p , 0.05) in allometric intercepts between hosts. Notes: owing to the difference in slope between hosts for male FFL we did not test for differences in intercept for that trait in males; females on the left panels, males on the right panels.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171269 host differed in magnitude between male sexual and nonsexual traits, and between homologous traits in males and females. These sex-specific responses resulted in changes in sexual dimorphism. The absolute sexual dimorphism in HFA, a weapon used in male-male contests, was lost (figures 1d and 3b). These results highlight the importance of an adequate natural nutritional environment for the full expression of sexually selected traits, and suggest negative implications of novel environments for success in male-male contests. Using only its natural diet in central Florida, previous research with N. femorata has found a fluctuation in sexual dimorphism of male weapons seasonally with changes in host plant phenology [14, 26] . This earlier work illustrated how both sexes were heavily affected by diet quality, and that the male hind femur traits were affected disproportionately more than other traits. Still, the size of male hind femurs on the local diet was larger than the female homologue even when diet quality declined [14] . Here, we found that the novel host increased sexual dimorphism in body size, at a level not previously seen [14] , while simultaneously erasing the difference between the sexes in the expression of HFA (figure 1d). Plasticity due to the novel host effectively created new sexual phenotypes ( figure 3) . In addition to the significant changes in absolute trait sizes, the novel host also caused negative changes in relative size (figure 2). Both male hind leg traits and female hind femurs expressed smaller sizes relative to body size when the insects developed on the novel host. Even though the changes in scaling relations are relatively small they exacerbate the negative effects and add complexity to the new interaction between herbivore and host.
The changes in morphology seen here suggest that novel hosts may have complex effects on selection and the evolutionary response to selection. For example, signalling of male genetic quality may be disrupted when populations are in the process of shifting onto a new host. Furthermore, shifts in trait size distributions, such as can occur when a novel host plant is used, may shift the strength or direction of selection [39] . Such a change can occur because the relationship between the size of sexually selected traits and fitness is sometimes complex, with multiple peaks and valleys [40, 41] . The new maximum trait value after a host shift could, for example, end up in a fitness valley. Next, the agents of sexual selection, mate choice and male-male competition may themselves change as environments transform [42, 43] . Differences in how small males fight, for example, could lead to selection on different morphological elements of the weapon, and thus could lead to evolutionary changes in weapon shape. Finally, the environment, sexual selection and genetic variance may have rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171269 positive or negative covariances, which can accelerate or hamper trait evolution [44] [45] [46] . In some cases, new environments may reveal cryptic genetic variance in sexually selected traits, enabling rapid responses to selection [47] . For example, Husby et al. [46] found that the strength of selection and expression of genetic variance in great tits (Parus major) are positively linked with increased spring temperature, potentially leading to an acceleration of evolution. The major goal of this study was to experimentally examine the phenotypic consequences of developing on a novel host. Previous work in this species has indicated the heightened sensitivity of sexually selected traits and sexual dimorphism to differences in nutrition [14, 19, 26] . Thus, the patterns of phenotypic expression documented here are probably a result of phenotypic plasticity in traits due to good or poor nutrition. However, it is worth considering that a component of the differences across treatments in morphological traits may be due to selection via differential survival in this single generation. Survivorship on the novel host (O. robusta) was 46% versus 71% on the local host (O. mesacantha). On the novel host, the largest of existing nymphs may have died, for example, leaving only the small individuals. However, from visual inspection of figures 2 and 3, it is clear that males that developed in the novel host occupy a different phenotypic space than males that fed from the local host-at the lower and higher ends of all trait size distributions. Such profound differences are probably due substantially to the effects of nutrition.
Phenotypic plasticity has a major role in sexual selection dynamics, as the expression of sexually selected traits is intimately tied with the environmental conditions surrounding the development of the bearers [48] . In this study, we found evidence of how plasticity on a novel host can cause drastic changes in overall sexual dimorphism, including the complete loss of dimorphism in a sexually selected weapon. The link between sexual dimorphism and condition-dependence has been previously explored in two holometabolous species: the flies Prochyliza xanthostoma (Piophilidae) [5] and Telostylinus angusticollis (Neriidae) [6] . Similar to our findings, these studies illustrate the strong link between the condition-dependence of sexually selected traits and the plasticity of sexual dimorphism, though these studies used only artificial diets [5, 6] . In both those experiments, as in the present one, the data suggest that the level of condition-dependence was highest for male sexually selected traits, and also that body shape was more condition-dependent in males than females [5, 6] . Thus, our results expand the understanding of the link between conditiondependence and sexual dimorphism using a hemimetabolous insect, and create a bridge onto the field of new insect-plant interactions and the consequences of biological invasions. The effects of the novel host are by far much more pronounced than those that occur seasonally with variation in their natural diet [14, 19, 26] . Our study suggests that novel hosts could alter the sexual selection dynamics of herbivorous insects.
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